Abstract: I summarize work conducted in our laboratories over the past 30 years using small host molecules to restructure polymer materials at the nanometer level. Certain small molecules, such as the cyclic starches cyclodextrins (CDs) and urea (U) can form non-covalent crystalline inclusion compounds (ICs) with a range of guest molecules, including many polymers. In polymer-CD-and -U-ICs, guest polymer chains reside in narrow channels created by the host molecule crystals, where they are separated and highly extended. When the host crystalline lattice is carefully removed, the guest polymer chains coalesce into a bulk sample with an organization that is distinct from that normally produced from its melt or from solution. Amorphous regions of such coalesced polymer samples have a greater density, likely with less chain entanglement and more chain alignment. As a consequence, after cooling from their melts, coalesced amorphous polymers show glass-transition temperatures (T g s) that are elevated above those of samples prepared from their solutions or melts. Upon cooling from their melts, coalesced samples of crystallizable polymers show dramatically-increased abilities to crystallize more rapidly and much closer to their melting temperatures (T m s). These unique behaviors of polymers coalesced from their CD-and U-ICs are unexpectedly resistant to extended annealing above their T g s and T m s. Taking advantage of this behavior permits us to create polymer materials with unique and improved properties. Among these are amorphous polymers with elevated T g s and semi-crystalline polymers with finer more uniform morphologies. Improved mechanical properties can be achieved through self-nucleation with small amounts of the same polymer made rapidly crystallizable through coalescence from its CD-or U-IC. This can lead to single polymer composites with as-received polymer matrices and self-nucleated reinforcements. Through simultaneous formation and subsequent coalescence from their common CD-ICs, stable well-mixed blends can be achieved between any two or more polymers, despite their inherent immiscibilities. Such coalesced and well-mixed blends are also resistant to phase segregation when heated for extensive periods well above their T g s and T m s.
Introduction
For nearly 30 years, I have been interested in the non-covalently bonded inclusion compounds (ICs) formed between small host molecules and, in particular, their ICs formed with polymer guests [1] . These polymer-ICs are not held together by chemical bonds [2] . Rather, they are believed to be the result of weaker forces that are essentially steric in origin, i.e., related not just to the chemical natures, but also to the shapes and dimensions of the guest molecules [3] .
The stability of ICs is thought to depend on competing van der Waals interactions between the host and guest and the force of internal and external hydrogen bonds among and between the host(s).
Because the van der Waals energy varies as the inverse sixth power of the distance, a necessary tight fit between the host and guest molecules is indicated. Hence, the stability within the cavity of the host molecule, or formed from the host crystalline lattice, is directly related to the sizes and the shapes of the guests [4] .
Most widely known among IC hosts are urea (U) [5, 6] , thiourea (TU) [5, 6] , perhydrotriphenylene (PHTP) [7] [8] [9] , the cyclo-triphosphazines (TPP) [10] , and cyclodextrins (CDs) [1, 2] , all of which form narrow crystalline channels around their nearly fully extended guest polymer chains (see Figures 1-3) . Though some polymers with narrow cross-sections may form ICs with host γ-CD that contain two side-by-side chains in each channel [11] [12] [13] , in most polymer-CD-ICs, single stretched and isolated chains are included in each crystalline host channel. Reproduced with permission from [14] . Copyright 1989 Elsevier. It should be noted that neat CDs contain a small number of water molecules in their largely hydrophobic cavities [16, 17] . Replacement of this cavity water by more hydrophobic guests, including polymers, likely also contributes to the formation and stability of CD-ICs [3] .
Polymer chains included in their crystalline ICs, in addition to having conformations and mobilities distinct from their bulk samples [18] , may, by the careful removal of the host crystalline lattice, be coalesced into bulk samples, which also behave distinctly from bulk samples obtained from their solutions and melts [15, [19] [20] [21] [22] . Such coalesced amorphous and semi-crystalline polymers exhibit elevated glass-transion temperatures (Tgs) (see Figures 4 and 5) and enhanced crystallizabilities (see Figure 6 ), respectively.
Initially surprising were the observations that the distinct behaviors of bulk polymer samples made by coalescence from their ICs were resistant to long-time annealing at temperatures above their Tgs and melting temperature (Tms) [15, [20] [21] [22] . It should be noted that neat CDs contain a small number of water molecules in their largely hydrophobic cavities [16, 17] . Replacement of this cavity water by more hydrophobic guests, including polymers, likely also contributes to the formation and stability of CD-ICs [3] .
Polymer chains included in their crystalline ICs, in addition to having conformations and mobilities distinct from their bulk samples [18] , may, by the careful removal of the host crystalline lattice, be coalesced into bulk samples, which also behave distinctly from bulk samples obtained from their solutions and melts [15, [19] [20] [21] [22] . Such coalesced amorphous and semi-crystalline polymers exhibit elevated glass-transion temperatures (T g s) (see Figures 4 and 5) and enhanced crystallizabilities (see Figure 6 ), respectively. Initially surprising were the observations that the distinct behaviors of bulk polymer samples made by coalescence from their ICs were resistant to long-time annealing at temperatures above their T g s and melting temperature (T m s) [15, [20] [21] [22] .
For example, the disparity between the T g s of as-received and coalesced samples of PVAc and poly(methyl methacrylate (PMMA) displayed in Figures 4 and 5 , remained after weeks of annealing well above their T g s [23, 24] . The more rapid crystallization of coalesced poly(ε-caprolactone) (PCL) seen in Figure 6 was also not affected by long duration melt annealing of coalesced PCL at 100 • C [25] .
A reason was presented for the resistance to high temperature annealing of polymers coalesced from their CD-ICs and depicted in Figure 7 [21, 26] . It was suggested that, though the initially coalesced, largely extended, separated, and un-entangled chains likely random-coil relatively rapidly, the center-of-mass diffusion that must accompany full entanglement of their chains is extremely sluggish. This was concluded to be the source of the subsequent slow establishment of homogeneous well-mixed melts from coalesced samples consisting of small randomly arranged regions containing somewhat aligned un-entangled chains. The process of entangling the largely separated and not fully interpenetrating randomly coiled chains coalesced from their CD-ICs is apparently particularly slow: much slower in fact than the center-of mass diffusion of polymer chains in their fully entangled melts. Regardless of the validity of the above suggestion [21, 26] , in the remainder of this review of the behavior and uses of polymers restructured via coalescence from their crystalline ICs, the focus will be on the creation of well-mixed polymer blends and the production of single polymer composites. The former produced by first forming and then coalescing two or more polymers from their common ICs, and the latter by using rapidly crystallizable coalesced polymers, such as PCL shown in Figure 6 , as self-nucleants to create rapidly crystallizable polymer samples with finer more homogeneous semi-crystalline morphologies with improved mechanical properties.
Materials and Methods
Experimental details, including materials purchased and synthesized and the means used in their characterization, are provided in the references.
Results and Discussion

Compatible Coalesced Polymer Blends
As indicated in Figure 8 , when two or more polymers are dissolved in the same solvent and are gradually combined with a solution of CD or U, usually an aqueous or methanol solution, we may form CD-or U-IC crystals that include and contain both or more polymers [23, 28] . When the crystalline CD or U lattice is carefully removed from the common ICs, the included polymers are initially coalesced into well-mixed blends. This procedure has been applied to achieve a variety of well-mixed polymer blends, including poly(l-lactic acid) (PLLA)/PCL [29] , polycarbonate (PC)/poly-styrene (PS) or PMMA [30] , atactic-poly(β-hydroxy butyrate) (PHB)/PCL [31] , poly (ethylene terephthalate) (PET)/poly(ethylene 2,6-naphthalate) (PEN) [32] , PC/PMMA [33] , PVAc/PMMA/PC [33] , PVAc/PMMA [23, 34] or PC [34] , and nylon-6/nylon-6,6 [35] .
All of these well-mixed coalesced blends were formed with inherently incompatible polymers that could not be solution or melt blended without phase separation of their component polymers, and yet were resistant to phase separation caused by high temperature annealing above ther T g s and T m s [28] . The remaining discussion of well-mixed blends obtained by coalescence from common CD-ICs will be restricted to the PLLA/PCL binary blend [28, 29, 36] , whose behaviors are representative of all those listed above. Figure 9 presents polarized micrographs of melt pressed films of PLLA (a) and PCL (b), a solution cast PLLA/PCL film (c), and a melt-pressed film of coalesced PLLA/PCL (d). Their comparison indicates a lack of and substantial mixing of PLLA and PCL, respectively, in the solution-cast and melt-pressed coalesced PLLA/PCL films. Figure 10 presents the 2D-1 H-13 C heteronuclear correlation (HETCOR) NMR spectra of the solution-cast and coalesced PCL/PLLA blends observed with short (τ m = 50 µs) and long (τ m = 1.0 ms) mixing times [37] [38] [39] . A normal 1 H-13 C correlation spectrum is observed with the shorter mixing time for both coalesced and solution-cast blends, where the PLLA methyl and PCL methylene proton chemical shifts are clearly distinguished. In the HETCOR spectrum observed with the longer mixing time for the coalesced PCL/PLLA blend, however, these two proton chemical shifts approach each other. This is a clear indication of effective spin-diffusion between them, which requires spatial proximity [36] [37] [38] [39] . Even when a long mixing time is employed, the HETCOR spectrum of the solution-cast blend does not show significant proton spin diffusion between PCL and PLLA chains. The coalesced and solution cast PCL/PLLA blends, respectively, are clearly intimately mixed and phase separated, as revealed by efficient proton spin diffusion in the former blend and the absence of spin diffusion in the latter blend.
The intimacy of mixing in the largely amorphous PCL/PLLA blends produced by coalescence from their α-CD-IC crystals and those cast from their common solution were estimated [36] . This was achieved through use of a two-dimensional HETCOR spin-diffusion technique [40] . Rates of intrapolymer polarization transfer vs. interchain/interdomain polarization equilibration were readily differentiated using this two dimensional (2D) heteronuclear NMR technique. This enabled spin-diffusion coefficients and the length scales of miscibility to be determined by direct measurement.
The resulting length scales of mixing in the coalesced and solution cast PCL/PLLA blends were 4.9 and 7.4 nm, respectively. Radii of gyration for the PCL and PLLA chains investigated were expected to be 3.5-5.0 nm, which are consistent with the length scale of mixing in the coalesced blend. In contrast, the length scale of mixing in the solution cast PCL/PllA blend (7.5 nm) exceeds the radii of gyration of both polymers, so clearly only the PCL and PLLA chains in the coalesced blend are molecularly mixed.
PCL and PLLA are biocompatible and biodegradable, but individually, neither possess favorable mechanical performance. PCL has a low T m and a low tensile strength, while PLLA has a much higher T m , but it has low ductility and is brittle. Furthermore, they are inherently incompatible with each other, as seen in their solution cast blend (Figure 9c . However, in the PCL/PLLA blend coalesced from its common α-CD-IC, the component chains are intimately mixed and remain so even after heating well above their T m s at 200 • C for 12 h [29] .
A PCL-b-PLLA di-block copolymer was synthesized and its α-CD-IC was formed [41] . Upon coalescence of the di-block copolymer, the PCL and PLLA blocks were observed to be substantially mixed rendering the bulk coalesced sample largely amorphous, as seen in the wide angle X-ray diffractograms of as-synthesized and coalesced PCL-b-PLLA in Figure 11 . Both di-block samples were treated with a lipase enzyme that only degrades the amorphous sample regions, and in Figure 11 we can see before enzyme treatment that the coalesced sample was largely amorphous. Upon treatment with the enzyme the amorphous regions were removed, so after two weeks of treatment the initially largely amorphous coalesced sample now gave a diffractogram that appears semicrystalline. This example illustrates the ability of the formation of and coalescence from a block copolymer-IC can control its biodegradation.
The hope that such well-mixed polymer blends made by coalescence from their common ICs may not be a complete "pipe dream" may in fact be realized. Fibers melt-spun from PCL coalesced from its U-ICs showed significantly improved mechanical properties [42] . Because of the much higher weight fraction of guest polymer in their U-ICs, compared with their CD-ICs, and the ready availability of U, coalescence of bulk samples from polymer-U-ICs may be practical.
Like the PCL/PLLA blend [29] , each of the polymer blends that were formed by coalescence from their common CD-and U-ICs [30] [31] [32] [33] [34] [35] were also found to be well-mixed and thermally stable. We suggested previously that the extremely sluggish center-of-mass diffusion that must accompany full entanglement of the coalesced chains may be the source of the subsequent slow establishment of homogeneous well-mixed melts [21, 26] . Apparently the process of entangling the largely separated and not fully interpenetrating randomly coiled chains coalesced from their CD-ICs is in fact much slower than the center-of mass diffusion of polymer chains in their fully entangled melts.
Each of the well-mixed blends obtained by coalescence from their common CD-and U-ICs were also stable to high temperature annealing, even though they were formed from inherently immiscible polymers. Even the additional thermodynamic driving force experienced by the initially coalesced and well-mixed polymer chains is not sufficient to rapidly reorganize them into their thermodynamically favored phase separated melts.
Single Polymer Composites
Semi-crystalline polymers coalesced from their crystalline ICs can be used as self-nucleants to enhance the melt crystallizability of as-received (asr) samples. Figure 12 , and previously Figure 6 , illustrate this, where in Figure 12 the 1st cooling and 2nd heating scans (10 • C/min) of PLLA are presented. While the asr-PLLA is nearly completely amorphous, c-and nuc-PLLAs are able to crystallize from the melt upon cooling and cold crystallize further in the solid above T g .
Single polymer composite sandwich samples consisting of one layer of asr-polymer film and one layer of nuc-polymer film were constructed. The tensile results shown for single layer PCL films are presented in Table 1 [4] , while for two-layer PCL film sandwiches the results can be seen in Table 2 . Neat c-PCL and nuc-PCL films have higher moduli than single asr-PCL films and reduced elongations at break. Table 2 shows that asr-PCL/c-PCL and asr-PCL/nuc-PCL film sandwiches are stronger and less extensible than the asr-PCL/asr-PCL control film sandwich. No delamination was observed in the tensile tests. In addition, T-Peel tests were performed on the PCL sandwiches, and all three evidenced virtually equal film interface strengths.
Single polymer nylon-6 (N-6) film composites were similarly fabricated and their mechanical behaviors observed [44, 45] . Moduli and elongation at break of the 60,000 MW N-6 films are presented in Figure 13 , where the nuc-N-6 film containing 2 wt% c-N-6 is seen to be stronger and less extensible than the asr-N-6 film. A similar result is seen in both Figures 14 and 15 for the asr/asr and asr/nuc-N-6 film sandwiches. Finally in Figure 16 DSC cooling scans from the melts of asr-N-6 and nuc-N-6 films and the two layer asr-N-6/nuc-N-6 film sandwich are presented [45] . Each sample spent a total of 10 min in the melt before cooling at 10 • C/min, and provide clear evidence that the asr/nuc-N-6 sample sandwich does not become homogeneously mixed during melt processing. Clearly nuc-polymers can serve as reinforcement for asr-matrices of the same polymer. Polymer-polymer composites were also formed by embedding polymer A-CD-or U-ICs into films and fibers made from a second polymer B, followed by solvent removal of the host CD or U. The embedded films were made by melt processing at temperatures above the T m of polymer B and below the decomposition temperature of the polymer A-IC. A solvent for the CD or U hosts that does not dissolve either polymer was used to remove them, yielding a composite of polymer B embedded with polymer A [46, 47] .
As examples of this approach, in Figure 17 are presented the DSC scans of PCL and PLLA films embedded with PCL-U-IC before and after washing in methanol [47] . The higher and lower temperature endotherms in (a) and (c) are produced by melting of the embedded PCL-U-IC crystals, which are absent in (b) and (d) after soaking in methanol. Only PCL melting is observed after soaking the PCL embedded film (b), and only PLLA melting is evident in the methanol soaked embedded PLLA film. While melting of the coalesced PCL expected after soaking the embedded PLLA film in methanol is not observed in the DSC scan (d), solid-state 13 C-NMR observations not presented here do confirm the presence of a small amount of coalesced PCL [47] . The water vapor permeabilities of pure and U-or PCL-U-IC embedded PCL and PLLA films observed before and after soaking in methanol can be seen in Table 3 . Removal of U from the U embedded PCL and PLLA films leads to large increases in their water vapor permeabilities, presumably through holes created by removing the U crystals. On the other hand, the films embedded with PCL-U-IC do not evidence significant increases in permeabilities after soaking in methanol. These observations suggest that the PCL coalesced from its U-IC crystals upon soaking in methanol fills in or heals any holes created by the removal of the host U. Similar results were observed for PLLA and nylon-6 films embedded with the α-CD-IC of poly(ethylene oxide) before and after washing in hot water [47] . These examples make clear that it is possible to obtain polymer composites by embedding a polymer B-CD or U-IC into polymer A and then soaking it in a solvent that only dissolves the IC host. In this manner we can control the compositions and structures of polymer blends to achieve unique morphologies that are substantially different from those possible by the usual solution casting and melt blending approaches.
Summary and Conclusions
The use of small host molecules to molecularly restructure polymer materials at the nanometer level were described here. Among such small molecule hosts, we focused on the cyclic starches CDs and U to form non-covalent crystalline ICs with a variety of polymers.
Guest polymers are separated, highly extended, and reside in narrow channels created by the host CD-and U-IC crystals. After the careful removal of the host crystalline lattice, a bulk sample of the coalesced guest polymer chains is obtained, but with an organization that is distinct from that normally produced from its melt or from its solutions.
Such coalesced polymer samples have amorphous regions of greater density, likely with less chain entanglement and more chain alignment. After cooling from their melts, coalesced amorphous polymers show glass-transition temperatures (T g s) that are elevated above those of samples prepared from their solutions or melts. Coalesced samples of crystallizable polymers, upon cooling from their melts, are able to crystallize more rapidly and much closer to their melting temperatures (T m s).
The observation that unique behaviors of coalesced polymers are unexpectedly resistant to extended annealing above their T g s and Tms indicates that their use is practical. This permits us to create polymer materials with unique and improved properties, such as amorphous polymers with elevated Tgs and semi-crystalline polymers with finer more uniform morphologies, leading to polymer materials with improved thermal and mechanical properties.
Self-nucleated melt crystallization can be achieved through use of small amounts of the same polymer made rapidly crystallizable via coalescence from its CD-or U-ICs. Polymer composites with as-received polymer matrices and self-nucleated reinforcements, with strong interfaces between them, can be formed in this way.
In addition, well-mixed blends between any two or more polymers can be achieved through simultaneous formation and subsequent coalescence from their common ICs. This occurs despite their inherent propensities for not mixing. Such coalesced and initially well-mixed blends are also resistant to phase segregation when heated for extensive periods well above their T g s and T m s. As a result, materials produced from them have permanently new and improved properties and behaviors.
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